Van der Waals density functional theory is integrated with analysis of a non-redundant set of protein-DNA crystal structures from the Nucleic Acid Database to study the stacking energetics of CG:CG base-pair steps, specifically the role of cytosine 5-methylation. Principal component analysis of the steps reveals the dominant collective motions to correspond to a tensile 'opening' mode and two shear 'sliding' and 'tearing' modes in the orthogonal plane. The stacking interactions of the methyl groups globally inhibit CG:CG step overtwisting while simultaneously softening the modes locally via potential energy modulations that create metastable states. Additionally, the indirect effects of the methyl groups on possible base-pair steps neighboring CG:CG are observed to be of comparable importance to their direct effects on CG:CG. The results have implications for the epigenetic control of DNA mechanics.
I. INTRODUCTION

Self-consistent Kohn-Sham density functional theory (KS-DFT)
1,2 has traditionally been one of the most popular tools of choice for ab initio electronic structure calculations of properties of dense matter, due to both its comparable accuracy to quantum chemical methods and relatively small computational cost. However, until recently, the failure of traditional exchange-correlation functionals to account for nonlocal London dispersion forces precluded its application to sparse matter, such as biological molecules. The development of the nonlocal van der Waals density functional vdW-DF 3 and the subsequent, higher accuracy vdW-DF2 4 has expanded the realm of DFT to a whole new class of systems.
One of the first applications of vdW-DF was the analysis by Cooper et al. 5 of hydrogen bonding between nucleic-acid base pairs and stacking interactions between successive bases in base-pair steps. The authors successfully accounted for sequence-specific trends in basepair separation and rotation seen in high-resolution crystal structures 8 . Additionally, they demonstrated the role that the methyl group of thymine plays in stabilizing double-stranded DNA over its uracil counterpart in RNA. The initial success of vdW-DF, combined with the ensuing development of the even more accurate vdW-DF2, motivates deeper theoretical study of the structural energetics of biologically relevant nucleobase configurations.
In vivo, DNA predominantly adopts right-handed double-helical structures. Therefore, this class of structures is likely to be the most biologically relevant. In particular, highresolution DNA crystal structures primarily adopt three right-handed double-helical states, namely A, BI and BII. Repetitions of these local conformations throughout the nucleic acid lead to polymers characterized as A-like, B-like and C-like, respectively 6,9,10 .
The subtle differences in base-pair step geometries for each of the different helical states are illustrated in Figure 1 . Most notably, A-like base-pair steps are under-twisted relative to B-like ones, while C-like steps are over-twisted. It has been suggested 11 that the interconversions between these three configurations are related to sequence-specific mechanisms of nucleosome positioning in chromatin, the bundled assembly of DNA and proteins in eukaryotic cell nuclei. This has consequences for the control of gene silencing.
The stabilizing effect of methylation on thymine found by Cooper et al. inspires the question of whether similar effects occur for other biochemical modifications. Specifically, the methylation of cytosine at the C5 position, as illustrated in Figure 2 , is an impor- The working dataset excluded terminal base-pair steps (i.e., residues at chain ends and nicked dimer steps), which may adopt alternate conformations or be affected by crystal packing, as well as chemically modified nucleotides, nucleotides involved in non-canonical base pairs, and melted residues, in which complementary base pairs are highly distorted and do not contain the requisite number or types of hydrogen bonds.
B. Principal Component Analysis
Information on dinucleotide steps was extracted from the NDB files using the 3DNA software package 7 . From this information, an eighteen-parameter data vector characterizing the conformation of a given base-pair step was generated with 3DNA. This included After converting the data vector to a standardized z-value, principal component analysis was performed for the CG:CG steps. Using a scree test, the three highest eigenvalues, corresponding to the dominant collective modes of motion, were extracted. This process was repeated for all possible steps that could directly connect to CG:CG, and therefore be affected by methylation.
C. Density Functional Theory Calculations
In the analysis of individual modes, a sufficient set of points within two standard deviations of the mean along the modal pathways was sampled to determine the shape of the energy landscape of stacked base pairs. Base-pair steps were created with 3DNA and methyl groups were added with Open Babel 24 . Computations were performed using vdW-DF2 as implemented in the Quantum Espresso package 25 via the algorithm of Roman-Perez and Soler 26 .
All calculations used standard generalized gradient approximation pseudopotentials 27 , with an energy cutoff of 60 Ry (1 Ry = 313.755 kcal/mol). SCF diagonalizations were performed with the Davidson algorithm, using convergence criteria of 10 −6 Ry. To reduce spurious interaction between periodic images, the system was placed in a 40 x 30 x 30 cubic Bohr (1 Bohr = 0.529 Angstrom) supercell.
III. RESULTS AND DISCUSSION
The main focus of this paper regards the effects of methylation on CG:CG steps. The correspond to the C and G bases along one strand having a very small separation, with the bases on the opposite strand being consequently more spread out and isolated. Motion along the modes can be interpreted as the two strands alternating between compressing and opening. In both cases, this is primarily controlled by a twisting motion that acts in the opposite direction of tilt and slide, and in tandem with shift. However, the remaining step parameters, namely rise and roll, move in an opposite direction in one of the modes relative 8 to the other, as do dominant local base-pair motions, such as stagger or buckle. Thus, as the modes are traversed, the DNA gradually transitions from the A to B to C-forms.
To continue with the analogy with fracture mechanics, whereas the most dominant principal component represents a tensile 'opening' mode, the two secondary components may be interpreted as an orthogonal pair of shearing modes. Together, they span the fracture plane perpendicular to that of the tensile opening. The conventional terms for this pair 28 are 'tearing' and 'sliding' modes, respectively, and this nomenclature shall be adopted for the remainder of the paper.
While the 'opening' modes correspond to traditional breathing modes, this pair of transverse modes is more along the lines of hydrogen bond bifurcations 30 . Here, the bases on neighboring stacks can become 'mixed', resulting in hydrogen bonding not just between complementary bases in a single base pair, but also between adjacent ones located on the same DNA strand.
B. Effects of Cytosine 5-Methylation on CG:CG Steps
The stacking energetics and effects of methylation for each of the principal modes are To demonstrate the physical reason for the global inhibition of twisting, it is informative to look at the 'low-twist' regimes of each of the modes. As illustrated in Figure 9 , these regimes correspond to a higher degree of stacking overlap between the C3 and G4 bases.
As a consequence, the stacking interactions of the C5 carbon in cytosine with the adjacent guanine are enhanced. The addition of a methyl group amplifies these stacking forces, serving as an effective 'pinning' field that stabilizes undertwisted configurations.
The origin of the local fluctuations is more subtle. A useful metaphor for illustrating where they come from, at least on a phenomenological level, is to consider the dihedral angle φ between four atoms in a covalent bond, as shown in Figure 10 . As is well known due to the periodicity of the dihedral angle, φ = φ + 2π, the potential energy V (φ) can be expanded in a harmonic series. Often, one harmonic dominates the torsional energetics, but generally the potential is an incoherent superposition of different frequencies, leading to a complex landscape of metastable vacua.
From the perspective of the CG:CG steps, the fundamental difference upon addition of the methyl groups is the introduction of several additional variables, which can be interpreted as a set of non-local 'torsional' angles describing the orientation of the methyl group with respect to other atoms in the polymer assembly. These variables, being periodic like dihedral angles, likewise give rise to modulations in the potential energy. The net result of all such contributions is a noisy signal that 'softens' the base-pair step, enabling it to more easily and tearing modes, respectively. As illustrated, in these regimes, the overlap area between C3 and G4 is greater. This leads to an enhancement in the stacking interactions of a methyl group at the C5 position with the adjacent guanine. The pink dashed lines represent hydrogen bonds.
FIG. 10:
As a base-pair step moves along the landscape of its conformational modes, the methyl group may be interpreted as having a set of moving 'non-covalent' dihedral angles with the atoms in the step, generated by the 'angle' that the 5-methylcytosine makes with the remainder of the base-pair step. In analogy to its more commonly discussed analog in covalent bonding, this torsional variation creates an effective torsional 'potential', which, like any periodic potential, can be decomposed into a superposition of harmonics of varying wavelength. In this schematic, A may be interpreted as a methyl group, the B-C line as the cytosine, and D as all other atoms in the step.
C. Effects of Methylation on Neighboring Steps
Calculations of the energetics of different base-pair steps adjacent to CG:CG indicate that the interactions of the C5 methyl groups with the neighboring steps have an energetic effect comparable to that of their immediate interactions with the CG:CG step.
Principal component analysis reveals that the classification of dominant collective motions into opening, sliding and tearing modes persists for the different base-pair steps. Furthermore, as illustrated in Figure 11 , 5-methylcytosine continues to torsionally modulate the stacking energy as the identities of the remaining bases in the step change.
However, there are also some important differences compared to CG:CG. Perhaps most can connect to a CG:CG, and thus be potentially methylated. For GC:GC steps, however, it is possible for one or both of its cytosines to be methylated.
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relevant to nucleosome formation is the observation that 5-methylcytosine globally enhances overtwisting of several modes in GC:GC steps. This overwinding is a potential mechanism for preserving the double-helical structure of DNA by countering the tendency to melt from CG:CG unwinding.
Additionally, the typical stacking energy of methylation is lower for CG:CG steps than it is for its neighbors, as seen by a comparison of Figures 8 and 11 . From a statistical mechanical point of view, methylation enhances the room-temperature Boltzmann partition function of CG:CG steps while decreasing that of its neighbors, corresponding to an increase or decrease in Helmholtz free energy, respectively. Consequently, the methylation of CG:CG steps is more thermodynamically stable than methylation of other possible steps, an argument for why it is more commonly observed. This work, additionally, demonstrates a foundation for future studies of realistic structural biomaterials modeling at the atomistic level via density functional theory. In particular, the consistency between experiments and calculations, in both this work and in the earlier studies of Cooper et al. 5 , points to the capability of using first-principles approaches to extract valuable biochemical information on systems in which there is no prior experimental data. Thus, density functional theory calculations can serve as a complement to more traditional single-molecule biophysical experiments.
